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a b s t r a c t
Direct emissions of air pollutants from the cement industry in China were estimated by developing
a technology-based methodology using information on the proportion of cement produced from
different types of kilns and the emission standards for the Chinese cement industry. Historical emissions
of sulfur dioxide (SO2), nitrogen oxides (NOX), carbon monoxide (CO), particulate matter (PM) and carbon
dioxide (CO2) were estimated for the years 1990e2008, and future emissions were projected up to 2020
based on current energy-related and emission control policies. Compared with the historical high
(4.36 Tg of PM2.5, 7.16 Tg of PM10 and 10.44 Tg of TSP in 1997), PM emissions are predicted to drop
substantially by 2020, despite the expected tripling of cement production. Certain other air pollutant
emissions, such as CO and SO2, are also predicted to decrease with the progressive closure of shaft kilns.
NOX emissions, however, could increase because of the promotion of precalciner kilns and the rapid
increase of cement production. CO2 emissions from the cement industry account for approximately one
eighth of China’s national CO2 emissions. Our analysis indicates that it is possible to reduce CO2 emissions
from this industry by approximately 12.8% if advanced energy-related technologies are implemented.
These technologies will bring co-beneﬁts in reducing other air pollutants as well.
 2010 Elsevier Ltd. All rights reserved.
1. Introduction
China is the largest cement producing and consuming country
in the world. Cement production in China was 1.39 billion metric
tons in 2008 (CMIIT, 2009), which accounted for 50% of the world’s
production (USGS, 2009). Enormous quantities of air pollutants are
emitted from cement production, including SO2, NOX, CO, and PM,
and result in signiﬁcant regional and global environmental prob-
lems. In China, the cement industry has been identiﬁed as an
important source of pollution. For example, it is the largest source
of PM emissions, accounting for 40% of PM emissions from all
industrial sources (CEYEC, 2001) and 27% of total national PM
emissions (Zhang et al., 2007a). Cement production also releases
large amounts of CO2 from both fuel combustion and the chemical
process producing clinker, where calcium carbonate (CaCO3) is
calcined and reacted with silica-bearing minerals. According to the
National Greenhouse Gas Inventory of China (NDRC, 2004), cement
production contributed 57% of CO2 process emissions (distinct from
combustion emissions) from China’s industrial sources in 1994.
There are two main kiln types in China: shaft kilns and rotary
kilns. With higher productivity and efﬁciency, rotary kilns have
dominated the cement industry in Western countries since the
middle of the 20th century. Starting in the 1980s in China, however,
small but easy-to-construct shaft kilns were built all over the
country tomeet the rapidly increasing demands of the construction
industry. By the mid-1990s, they accounted for 80% of production
(Lei, 2004). The extremely rapid increase in the number of shaft
kilns resulted in poor operating practices within the Chinese
cement industry. There were more than 7000 cement plants in
China in 1997 (Zhou, 2003), most of them small and releasing high
emissions. At the end of the 1990s, China began to restrict
construction of new shaft kilns and instead promoted precalciner
kilns, which are the most advanced rotary cement kilns. Conse-
quently, the production from precalciner kilns increased very
rapidly and by 2008 they accounted for more than 60% of cement
production (CMIIT, 2009).
Since China’s cement industry is an important emission source
of several types of air pollutants, the systematic and reliable esti-
mation of its emissions is essential for atmospheric modeling and
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air pollution policy-making. From the perspective of criteria air
pollutants, existing emission inventories for China usually treat the
cement industry as a part of the industrial sector, roughly esti-
mating its emissions based on coal consumption (Streets et al.,
2003; Ohara et al., 2007). These emission inventories, however,
are not capable of providing to the atmospheric modeling
community reliable emission trends of China’s cement industry.
Moreover, there are shortcomings in future emission estimates
because the effects from technology replacement and emission
control measures were not taken into account. From the perspec-
tive of greenhouse gas (GHG) emissions, there have been some
estimates made at a national level (He and Yuan, 2005; Liu et al.,
2009; NDRC, 2004; Zhu, 2000) or as a part of a global analysis
(Boden et al., 1995, 2009; WBCSD, 2002; Worrell et al., 2001). Most
of these studies, however, have focused on a speciﬁc year and are
not able to reﬂect changes in emissions due to technology
replacement and energy efﬁciency improvement in China’s cement
industry. Our previous studies have addressed concerns over the
technology-based emission estimates from the cement industry for
speciﬁc air pollutants, such as PM (Lei et al., 2008) and NOX (Zhang
et al., 2007b) or for a speciﬁc year (Zhang et al., 2009), however,
a historical trend of emissions from China’s cement industry is still
missing. In this work, we developed a historical emission inventory
of major air pollutants from China’s cement industry for the period
1990e2008 to explore the effects of recent regulations and tech-
nologies on these emissions, and we predict future emissions up to
2020 in light of existing and possible future regulations.
2. Methodology and data
2.1. Bottom-up methodology
The emission inventory developed here includes four gaseous
air pollutants (SO2, NOX, CO and CO2) and PM in three different size
ranges: PM2.5 (particulates with diameter less than 2.5 mm), PM10
(particulates with diameter less than 10 mm) and TSP (total sus-
pended particulates). Only direct emissions from cement produc-
tionwere considered in this inventory. The indirect emissions, such
as which from power consumption during manufacture and the
transportation of raw materials and end products are not included.
Kilns are the major source of most air pollutants in the cement
production process. In this study, cement kilns are classiﬁed into
three groups: shaft kilns, precalciner kilns, and other rotary kilns.
Emissions from the cement industry of each province in China
were calculated based on province-level cement outputs and
emission factors (EFs), and then summed to give estimates at
a national level. The approaches used for estimating emissions of
different pollutants are listed in Table 1. The burning of fuel in the
kilns is the sole source of SO2, NOX and CO emissions. The emissions
of these pollutants were estimated based on coal consumption as
almost all cement kilns in China use coal as fuel. In addition to fuel
combustion, calcination of carbonate such as limestone is the other
important source of CO2 emissions, which we calculated separately
in our analysis. PM emissions were more complicated to estimate
because: (1) besides kiln emissions, there are several other emis-
sion sources such as quarrying and crushing, raw material storage,
grinding and blending, and packaging and loading; and (2) abate-
ment efﬁciency varies a lot between the different PM emission
control technologies. Taking the multiple sources and control
technologies into account, a dynamic methodology was developed
to estimate the inter-annual emissions of PM.
2.2. Activity rates
Total cement production by province from 1990 is available from
the China Statistical Yearbook (NBS, 1991e2008). A breakdown of
national cement production by kiln type was estimated from the
historical capacity of precalciner kilns and other rotary kilns (Kong,
2005; Lei, 2004; Zeng, 2004), as shown in Fig. 1. There are no
statistical data for clinker production or coal consumption for the
cement industry in China as a whole. We therefore estimated these
by using typical clinker to cement ratios and energy efﬁciency data
of the Chinese cement industry.
In general, cement is produced by mixing auxiliary materials
with milled clinker. In China in the 1990s, the national average
clinker to cement ratio varied within the range 0.701e0.738 (Zhou,
2003) and so for this study we used a value of 0.72. The energy
efﬁciency of China’s cement industry has improved considerably in
last two decades. The average energy intensity of the whole
industry dropped from 5.27 MJ tonne1-clinker in 1990 (Liu et al.,
1995) to 4.77 MJ tonne1-clinker in 1998 (Zhou, 2003). And the
current energy efﬁciency of China’s precalciner kilns is around
3.51 MJ tonne1-clinker, a value that is recommended as the basic
level for clean production of cement (MEP, 2009). Based on this
information, the historical energy efﬁciency of different kiln types
was interpolated, which enabled coal consumption to be calculated,
as shown in Table 2.
2.3. Emission factors (EFs)
SO2 mainly comes from the oxidation of sulfur in coal. In pre-
calciner kilns, approximately 70% of SO2 is absorbed by reaction
with calcium oxide (CaO) (Liu, 2006), while much less is absorbed
in other rotary kilns and in shaft kilns (Su et al., 1998). Utilization of
Table 1
Emission sources of air pollutants from the cement industry and equations used for estimating estimations.
Pollutants Combustion Calcination Other sources Equation for emissions estimationa
SO2 O e e Ej ¼
P
i;m
CCi;j;m  EFm
NOX O e e Ej ¼
P
i;m
CCi;j;m  EFm
CO O e e Ej ¼
P
i;m
CCi;j;m  EFm
CO2 O O e Ej ¼
P
i;m
CCi;j;m  EFm þ
P
i
CPi;j  EFC
PM O O O
Ej;y ¼
P
i;m
Pi;j;m  efj;m;y;
efj;m;y ¼ EFRm  Fm;y 
P
n
Cm;n;j  ð1 hn;yÞ
a i, j,m and n represent the province, year, type of kiln or emission source and type of PM control technology respectively; y represents the three size categories of PM: PM2.5,
PM> 2.5 mm but< 10 mm (PM2.5e10), and PM> 10 mm (PM>10); E is the total emissions; CC is the coal consumption; CP denotes the clinker production; P is the cement
production; EF is the emission factors from coal combustion; EFC denotes the emission factor of CO2 from calcination during clinker production; ef is the ﬁnal emission factor of
PM; EFR is the unabated emission factor of PM prior to the effect of PM control devices; Fy is the fraction of all PM in size range ywith
P
y Fy ¼ 1; Cn is the penetration rate of
the PM control technology n with
P
n Cn ¼ 1; h is the PM removal efﬁciency of the control technology.
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baghouse ﬁlters, as required with new precalciner kilns, can further
reduce SO2 emissions. Assuming that SO2 absorption is 80% for the
entire precalciner kiln process and 30% for other types of kilns (Liu,
2006), we estimated SO2 emissions by province using a mass
balance approach and based on the average sulfur content of coal in
each province (Liu, 1998).
Generation of NOX and CO is highly dependent on temperature
and oxygen availability. Compared to shaft kilns, rotary kilns
produce much more NOX and less CO because of their higher
operation temperature and stable ventilation. Based on local test
results, our previous studies have estimated the EFs of NOX (Zhang
et al., 2007b) and CO (Streets et al., 2006) from different types of
kilns in China. These EFs were used in this study, and the average
NOX and CO EFs of the cement industry as a whole were calculated
based on the historical balance of kiln type, as listed in Table 3.
CO2 EFs were given in quite a few studies estimating CO2
emissions from the cement industry in China (Boden et al., 1995;
Cui and Liu, 2008; He and Yuan, 2005; NDRC, 2004; Wang, 2009;
Worrell et al., 2001; Zhu, 2000). In this work, we used CO2 EFs from
the study by Cui and Liu (2008) who followed the approach rec-
ommended by the International Panel on Climate Change (IPCC,
2006) and calculated the EFs based on the typical practices of the
cement industry in China. Their estimates of the CO2 EFs were
0.55 kg kg1 clinker from the calcining process, and 1.94 kg kg1
coal from coal combustion. The CO2 EFs from different published
works are compared in Sect. 3.3 to assess the reliability of our CO2
emission estimates.
The EFs of PM is dependent on both the characteristics of
unabated emissions from the overall production process and the
effectiveness of PM emission control devices. Our previous study
(Lei et al., 2008) reviewed prior research and calculated the
unabated PM EFs for different types of kilns and other emission
sources, such as quarrying, crushing and other mechanic processes,
as summarized in Table 4.
PM control devices can reduce PM emissions by 10e99.9%,
depending on the type of control technology employed and the size
distribution of PM in the raw ﬂue gas (Lei et al., 2008). Although
more efﬁcient PM control technologies require higher investment
and have higher operational costs, improving emission standards is
driving the promotion of these technologies within the industry.
The standard value for the PM concentration in kiln ﬂue gas
dropped from 800 to 50 mgm3 in 20 years, according to
progressive editions of the air pollutant emission standards for the
cement industry (SEPA, 1985, 1996b, 2004). Based on the PM
concentration requirements of the three successive emission
standards, penetration rates of the different PM control technolo-
gies in newly built cement plants are estimated for four periods:
before 1985, 1985e1996, 1997e2004, and after 2004. Although the
emission standards published in 1996 and 2004 allow 3e10 years
for existing plants to reduce their PM emission rates, reduction is
not likely to be signiﬁcant in existing plants as there are few
measures to enforce the standard. In this work, we assume that all
plants retroﬁt their whole production line every 15 years, and in
doing so meet the present standards for new plants. We then
calculate the penetration rates of PM control technologies across
the cement industry for the period 1990e2008, and estimate the
corresponding PM EFs, as shown in Fig. 2. Over the 18-year period,
the EF of TSP from the cement industry dropped by 88%, from
27.93 g kg1 to 3.31 g kg1. The reduction in PM10 and PM2.5 EFs is
also considerable: 18.08e2.53 g kg1 and 10.65e1.61 g kg1,
respectively.
3. Results and discussion
3.1. Emissions from 1990 to 2008
Fig. 3 and Table 5 show emissions of gaseous air pollutants and
PM from China’s cement industry for the period 1990e2008. The
emissions in 2005 are also compared with China’s total emissions
from all anthropogenic sources in Table 5. The cement industry is
a major source of PM in China, contributing more than a quarter of
PM2.5 and PM10 in 2005. As a signiﬁcant contributor to GHG
emissions in China, the cement industry produces approximately
one eighth of China’s total anthropogenic CO2 emissions. The
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Fig. 1. Cement production in China from different types of kiln from 1990 to 2008.
Table 2
Cement and clinker production and energy consumption in China, 1990e2008.
Year Cement production (Tg) Clinker production (Tg) Average coal intensity (MJ kg1 clinker) Coal consumption (Tg)
PC kilnsa Shaft kilns OR kilnsb PC kilns Shaft kilns OR kilns
1990 14 143 53 151 4.07 4.83 5.85 36
1995 34 385 57 343 3.92 4.62 5.65 77
2000 78 435 84 430 3.78 4.39 5.41 92
2005 473 526 70 770 3.63 4.10 5.21 146
2008 902 443 43 999 3.54 3.92 5.06 177
a PC kilns: precalciner kilns.
b OR kilns: other rotary kilns.
Table 3
Emission factors of SO2, NOX and CO from cement kilns (g kg1 of coal combusted in
kilns).
SO2a NOX CO
Precalciner kilns 2.9 15.3 17.8
Other rotary kilns 12.3 18.5 17.8
Shaft kilns 12.3 1.7 155.7
1990 average 11.6 7.3 108.1
1995 average 11.5 4.9 127.8
2000 average 11.4 6.1 116.9
2005 average 8.7 8.7 88.0
2008 average 6.8 10.8 64.3
a These are national average SO2 emission factors weighed by provincial coal
consumption. Different SO2 emission factors are applied for different provinces
according to sulfur content of coal from that province.
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cement industry is also very important from the perspectives of
China’s SO2, NOX and CO emissions, contributing approximately
5.1%, 6.4% and 7.7% of national anthropogenic emissions in 2005,
respectively.
Emissions of SO2 increased from 0.42 Tg in 1990 to 1.39 Tg in
2007, then dropped to 1.21 Tg in 2008 (a reduction of 12.6%). The
decline in SO2 emissions in 2008 is attributed to two factors. First,
the global economic recession suppressed the construction
industry and saw the annual rate of increase in cement production
drop from 10% in the previous year to 2% in 2008. Second, nation-
wide replacement of shaft kilns with precalciner kilns from 2007 to
2008 led to a 20% of reduction in cement production from shaft
kilns, which emit several times more SO2 per mass unit of cement.
The trend observed for CO emissions is similar to that of SO2. In
contrast, NOX emissions increased much faster than any other
pollutant. During the 1990s, NOX emissions doubled, and the 2000
emissions were three times higher by 2008. With the recent rapid
expansion of precalciner kilns in China, the average annual increase
in NOX emissions from the cement industry from 2003 to 2008 was
over 220 Gg. This accounts for about 20% of the incremental NOX
emissions seen for China as a whole according to the INTEX-B
emission inventory (Zhang et al., 2009). As awareness grows of
China’s increasing NOX emissions and its consequences for ozone
pollution and acidiﬁcation (Zhao et al., 2009), policies to combat
acid rain pollution will inevitably have to speciﬁcally address the
cement industry.
Emissions of CO2 increased 5.8 times, from 153 Tg in 1990 to
892 Tg in 2008. The proportion of CO2 emissions from fuel
combustion compared to that from calcination of carbonates
decreased from 46.0% in 1990 to 38.6% in 2008, representing
improved energy efﬁciency in the cement industry. Our estimates
of CO2 emissions are lower than the results delivered by some
researchers such as Boden et al. (2009), Liu et al. (2009) andWorrell
et al. (2001). The main reasons of the differences are discussed in
Section 3.3.
Emissions of PM rose rapidly from 1990 to 1995, when cement
production developed with an average annual increase of 17.8%. In
the second half of the 1990s, expansion of China’s cement industry
slowed and the new emissions standard released in 1996 promoted
the application of electrostatic precipitators (ESPs) in shaft kilns,
resulting in an industry-wide decrease in PM emissions. After 2000,
although the average annual increase in cement production was
greater than 12%, PM emissions gradually decreased due to the
replacement of shaft kilns by precalciner kilns and the application
of high-performance PM removal technology, especially after 2004.
Over the whole period, PM emissions reached a peak in 1997, with
4.36 Tg of PM2.5, 7.16 Tg of PM10 and 10.44 Tg of TSP.
3.2. Spatial distribution of emissions
The spatial distribution of emissions changed year-by-year.
Using 2005 as a base year, cement production from 5294 plants was
collected from the China Cement Association (CCA), including the
capacity of 612 clinker production lines installed with precalciner
kilns. These plants accounted for almost all precalciner kilns and
more than 95% of cement production in China in that year. The
location of these plants and production lines is determined at
county-level from cement plant registration information (CCA,
2006). Thus emissions of PM2.5, SO2 and NOX from the cement
industry in 2005 are mapped onto an 180  180 grid of China, as
shown in Fig. 4.
In different ways, the distribution of PM2.5, SO2 and NOX emis-
sions reﬂect regional operational differences and kiln combinations
within China, a point illustrated by the following examples. The
grid cells indicating high PM2.5 emissions show a greater
Table 4
Unabated PM emission factors for cement production (g kg1 cement).
Emission sources Total PM PM2.5 PM2.5e10 PM>10 EF range from
references
(EPA, 1995;
Jiao, 2007;
SEPA, 1996a)
Kilns Precalciner kilns 105 18.9 25.2 60.9 58.2e317.9
Other rotary kilns 98 14.0 21.0 63.0 24e330
Shaft kilns 30 3.3 6.0 20.7 13.4e91.2
Other sources
as a whole
140 9.5 23.8 107.7 63e235
Fig. 2. PM emission factors (g kg1 cement) for all cement producing processes in
China’s cement industry for the years 1990e2008. Bars represent the penetration rate
of PM control technologies within the industry (BAG: baghouse ﬁlter; ESP: electrostatic
precipitator; WET: wet scrubber; CYC: cyclone.), and line represents the net emission
factor of TSP.
Fig. 3. Emissions of air pollutants (top panel, PM; bottom panel, SO2, NOX, CO, CO2)
from China’s cement industry from 1990 to 2008.
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concentration in north China. The provinces of Shandong, Hebei
and Henan account for 31.5% of total PM2.5 emissions. By
consuming coal with much higher sulfur content than other
provinces, Sichuan has the second highest provincial emissions of
SO2, after Shandong. Shandong, Zhejiang, Jiangsu and Anhui are the
largest contributors to NOX emissions, which is due to a number of
clinker-producing centers using large precalciner kilns in these
provinces. The highest PM2.5, SO2 and NOX emissions are all located
in the same grid cell in Shandong province, where the city of
Zaozhuang is found.
3.3. Comparison of CO2 emissions with other studies
Some studies have been conducted to quantify CO2 emissions
from cement production in China, but few of them have observed
the effects of developments in technology on CO2 emissions in
China. We compare our estimates with some results from other
studies in Table 6. All CO2 emission estimates were converted to
CO2 EFs in the comparison.
Generally speaking, estimates of China’s CO2 emissions as a part
of global studies (e.g., WBCSD, 2002; Boden et al., 2009) are much
higher than estimates made from domestic studies because some
parameters used in global studies doesn’t ﬁt the real situation of
Chinese cement industry. For example, a higher clinker to cement
ratio was used in global studies (83e100%) than in domestic ones
(72e75%). Higher energy intensity was assumed in global studies as
well, which led to higher EFs of CO2 from energy consumption. The
other factor leads to higher results in global studies is that indirect
CO2 emissions from electricity consumption are usually included in
those analyses. The national average electricity intensity of China’s
cement industry is 110e115 kwh/tonne cement (Liu et al., 1995;
MEP, 2009). Therefore electricity consumption during cement
production leads to additional indirect CO2 emissions of
0.102e0.107 kg CO2/kg cement.
Our estimates of CO2 emissions are generally comparable with
most domestic studies. However, the recent studies by Cui and Liu
(2008) and Wang (2009) indicate much lower values of CO2
emission than our study, as their estimations were based on the
working practices of advanced precalciner cement plants. These
lower EFs indicate that China’s cement industry shows promising
potential to reduce CO2 emissions.
4. Future emissions and mitigation potential
Since emissions from China’s national cement industry
contribute signiﬁcant levels of several air pollutants, accurate
emission projections are necessary to inform Chinese national
strategies on air pollution control and GHGmitigation. In this study,
the future emissions from the cement industry for the period
2010e2020 were estimated, and the potential of mitigation tech-
nologies to reduce the emission is analyzed.
4.1. Emissions projection
Cement production in China exceeded 1.63 billion metric tons in
2009, and the available statistical data show another 19% increase
in the ﬁrst 5 months of 2010 (http://www.stats.gov.cn/tjsj/), in
comparisonwith the same period of 2009. Expert opinion from the
CCA indicates that cement production may reach approximately 1.8
billion tons in 2010 (personal communication), but projecting as far
ahead as 2020 reveals large differences between the available
predictions: the Chinese Academy for Environmental Planning
predicted production to be 2.1 billion metric tons based on future
investment in ﬁxed assets; Ho and Jorgenson (2007) modeled
China’s economy with a computable general equilibrium (CGE)
economic model that included 33 production sectors and one
household sector, and predicted production to be 1.7 billion metric
tons in 2020; Wei and Yagita (2007) coupled cement production
with future rates of urbanization and building area and predicted
production to be 1.2 billion metric tons by the same date. Consid-
ering the large uncertainties involved in predicting the develop-
ment of China’s cement industry over the next 10 years, our
emission projections are based on these three studies’ predictions
of cement production by 2020, representing scenarios of high,
medium and low production, respectively.
The key technological features of the cement industry are pro-
jected based on the existing policies on industry structure (NDRC,
2006), energy saving (MEP, 2009) and emission control (SEPA,
2004). Assuming no new policy will come into effect before 2020,
future EFs of air pollutants from the cement industry were esti-
mated using the same methodology described in Sect. 2, as listed in
Table 7. Generally speaking, the continued replacement of shaft
kilns by precalciner kilns will lead to a decrease in both coal
intensity and in CO2 EFs. Higher penetration of precalciner kilns
will also result in a decrease in SO2 and CO EFs, and an increase in
NOX EFs. PM EFs are predicted to fall with the progressive
construction of new cement plants which meet the requirement of
the latest emission standards.
According to our estimates (Table 8), the emissions of SO2, CO
and PM from China’s cement industry will decrease in all of the
three scenarios; however, emissions of NOX and CO2 will increase
until 2020 in the high-production scenario. Emissions of NOX will
be considerable, compared with SO2 and PM emissions. The ratio of
NOX to SO2 will increase from 2.07 in 2010 to 3.14 in 2020, indi-
cating that greater focus should be given to NOX emission control in
order to prevent pollution from acid rain. The differences in CO2
emissions between 2010, 2015 and 2020 are less than those of other
pollutants. This is because under current policies the EF of CO2 will
Table 5
Estimated emissions of air pollutants from China’s cement industry (1990e2008) compared to emissions from all anthropogenic sources (Tg).
Year SO2 NOX CO CO2 PM2.5 PM10 TSP
1990 0.42 0.27 3.93 153.33 2.23 3.79 5.86
1995 0.89 0.38 9.81 336.74 4.21 6.97 10.28
2000 1.04 0.56 10.70 413.31 3.68 5.90 8.25
2005 1.29 1.26 12.83 704.83 3.48 5.47 7.33
2008 1.21 1.92 11.41 892.14 2.23 3.52 4.59
All sources in 2005 25.5a 19.8b 167b 5626c 12.9d 18.8d 34.3d
Percentage contribution of cement in 2005 5.1% 6.4% 7.7% 12.5% 26.9% 29.0% 21.4%
a SEPA, 2007.
b Zhang et al., 2009.
c Boden et al., 2009.
d Lei et al., 2010.
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not change as much as other pollutants. However, as CO2 emissions
mitigation is of serious concern, more policies should be considered
to reduce CO2 EFs from China’s cement industry.
4.2. Potential for CO2 mitigation
Several studies have addressed potential reductions in CO2
emissions from China’s cement industry. The World Business
Council for Sustainable Development (WBCSD, 2009a) has
summarized the recent studies and pinpointed four areas of tech-
nology for the reduction of CO2 emissions: thermal and electric
efﬁciency, alternative fuels, clinker substitution, and carbon
capture and storage (CCS). Following the technology roadmap laid
out by WBCSD (2009a), we analyzed the potential for CO2 mitiga-
tion by China’s cement industry in 2020, as listed in Table 9.
Thermal efﬁciency could be improved by replacing small shaft kilns
by large precalciner kilns. On a global level, top 10% advanced kilns
can currently operate at a average thermal efﬁciency of
3.10 MJ kg1-clinker (MEP, 2009;WBCSD, 2009a), and although the
clinker to cement ratio in China is already lower than the global
average (WBCSD, 2009b; Worrell et al., 2001), the predicted
increase of power plants and iron and steel plants will increase the
availability of by-products which can be used as substitutes for
clinker. It is estimated that the clinker to cement ratio could drop to
65% (CCA, personal communication). A few cement plants in China
have begun to use solid waste as a fuel in kilns as a substitute for
coal. WBCSD (2009a) projected that the share of alternative fuel in
clinker fuel use in Asia could increase at an annual rate of 0.6%. CCS
technologies are long-term approaches to carbonmanagement and
are not likely to be accessible by 2020; therefore we do not include
them in our analysis.
Our analysis indicates that the potential for CO2 mitigation by
clinker substitution is likely to be much larger than that possible by
improvements in thermal efﬁciency and from the use of alternative
fuels. If these three technologies are implemented together, CO2
emissions from cement production could be reduced by 12.8%
by 2020. Using the mid-level scenario of predicted increase in
cement production, mitigation of CO2 emissions will be 130 Tg of
CO2, equivalent to the emissions of CO2 from the usage of 67 Tg
of coal.Fig. 4. Emissions of PM2.5, SO2 and NOX from the cement industry in China plotted on
an 180  180 grid; provincial boundaries are shown. (a) PM2.5; (b) SO2; (c) NOX.
Table 6
Comparison of EFs used for the estimation of CO2 emissions (kg CO2/kg cement).a
Energy consumption Calcining process Total
This studyb 0.248e0.336 0.395 0.643e0.731
Zhu, 2000,c 0.367e0.393 0.365 0.732e0.758
Worrell et al., 2001,d (0.467) 0.415 (0.883)
WBCSD, 2002,e e e (0.900e0.950)
NDRC, 2004 e 0.374 e
He and Yuan, 2005 e e 0.671e0.913f
Cui and Liu, 2008 0.168 (0.259) 0.395 0.563 (0.654)
Boden et al., 2009 e 0.496e0.507 e
Wang, 2009 (0.226) 0.427 (0.653)
a The values in parentheses refer to EFs that include indirect CO2 emission from
power consumption.
b The lower value in the range is the EF in 2008, and the upper value is the EF in
1990.
c The lower value in the range is the EF in 1997, and the upper value is the EF in
1990.
d The EF is used to estimate CO2 emission in 1994.
e The lower value in the range is the EF in 1995, and the upper value is the EF in
1990.
f The range represents the different EF values for different type of kilns.
Table 7
The key features and EFs of China’s cement industry in 2010, 2015 and 2020
(projections based on existing policies).
2010 2015 2020
Proportion of precalciner kilns (%) 75 85 90
Coal intensity (MJ kg1-clinker) 3.58 3.39 3.22
Clinker to cement ratio 72 72 72
SO2 EF (k kg1 coal consumed) 5.8 4.8 4.4
NOX EF (k kg1 coal consumed) 12.0 13.1 13.8
CO EF (k kg1 coal consumed) 51.8 40.2 32.8
CO2 EF (kg kg1 cement) 0.634 0.621 0.610
PM2.5 EF (k kg1 cement) 0.80 0.58 0.47
PM10 EF (k kg1 cement) 1.26 0.94 0.78
TSP EF (k kg1 cement) 1.55 1.16 0.97
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4.3. Potential for emission control of other air pollutants
Current emission standards have promoted the use of advanced
emission control technologies; however, the level of emission
control in China’s cement industry is still lower than that of
advanced countries. If state-of-the-art control technologies are
used, there is potential to substantially further reduce the emission
of air pollutants from the cement industry in China.
PM emissions have been the major focus of air pollution control
from the cement industry for years. As of 2010, all new cement
plants are required to meet an emission standard of 50 mgm3 ﬂue
gas (SEPA, 2004), which equates to a PM EF for the whole
production process of approximately 1 g kg1 cement (CRAES,
2003). This emission level could be even lower, however, when
baghouse ﬁlters replace PM control devices that are relatively
inefﬁcient. If all of China’s cement plants used baghouse ﬁlters in
major production processes, the average PM EF could drop to
0.7 g kg1 cement.
Deployment of baghouse ﬁlters will beneﬁt SO2 emission
control as well. However, emissions of NOX would not be reduced
unless selective catalytic reduction (SCR) or selective non-catalytic
reduction (SNCR) technology is used. Although BREF documents
state that NOX emissions could be as low as 200e500 mgm3 if the
best available technologies (BAT) are used, actual NOX emissions
from most European cement plants using SNCR technology are
500e800 mgm3 (Jiao, 2007). If China’s cement plants could
reduce the average NOX emission level to 500 mgm3 in 2020, the
corresponding NOX EF would be 9.7 k kg1 coal.
The technologies used to mitigate CO2 emissions are also
effective in reducing emissions of PM, SO2 and NOX. Based on mid-
scenario emissions of these pollutants in 2020, we estimated the
potential for emission reduction from each mitigation technology,
as listed in Table 10. Our estimates indicate that there is the
potential for China’s cement industry to reduce air pollutants
substantially. Baghouse ﬁlters and SCR/SNCR technologies are likely
to be the most effective in controlling PM and NOX emissions,
respectively, and technologies to abate CO2 emissions will also
bring signiﬁcant beneﬁts in terms of SO2 emission control.
5. Conclusions
The cement industry plays an important role in emissions of
many air pollutants in China. This study estimates the direct
emissions of major air pollutants from cement production based on
information on the development of production technologies and
rising emission standards in China’s cement industry. Our analysis
shows that with the replacement of old shaft kilns by precalciner
kilns, there is an opportunity to reduce PM emissions through the
implementation of stricter emission standards and the promotion
of high-performance PM control technologies. Other air pollutants
such as CO and SO2 will also decrease as shaft kilns are gradually
retired. However, the promotion of precalciner kilns within China
and a rapid increase in cement production has led to greatly
increased NOX emissions. Future NOX emission could be reduced if
SCR or SNCR technologies are introduced within the cement
industry, although the cost of introduction is likely to be
considerable.
Although energy-use efﬁciency in China’s cement industry has
improved signiﬁcantly in recent years, the industry still contributes
approximately one eighth of the nation’s CO2 emissions. Our
analysis indicates that it may be possible to reduce CO2 emissions
by 12.8% by 2020 if advanced energy-related technologies are
implemented, and that the substitution of clinker with other
material is likely to be the most effective technology in this regard.
These energy-related technologies are likely to bring additional
beneﬁts by reducing the emission other air pollutants as well.
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